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Introduction {#sec1}
============

The medial ganglionic eminence (MGE), a transitory brain structure presents at mid-gestation during mammalian embryonic development, is a major region of the ventral telencephalon ([@bib28]). The MGE generates over 70% of forebrain GABA (γ-aminobutyric acid)-ergic interneurons (INs), with diverse subtypes characterized by distinct biochemical constituents and synaptic connectivity, including parvalbumin and somatostatin (SST) neurons, as well as a minority of calretinin, nitric oxide synthase, and neuropeptide Y neurons ([@bib32], [@bib47]). MGE-derived INs migrate tangentially to populate the cortex, striatum, septum, and hippocampus, and play essential roles in modulating excitatory neuronal activity by local inhibition ([@bib32], [@bib41], [@bib54]). Increasing studies have revealed that dysregulation of IN development and the resulting excitatory-inhibitory imbalances are associated with severe developmental and psychiatric diseases, such as epilepsy, autism, schizophrenia, and Down syndrome ([@bib4], [@bib40]). The MGE is also a major origin of ventral forebrain cholinergic neurons (FCNs), which are important for cognitive function ([@bib20], [@bib26], [@bib44], [@bib54]). Deficiencies in FCNs are reported to be common cellular events leading to cognitive decline in Parkinson\'s disease and Alzheimer\'s disease ([@bib2], [@bib55]).

Grafting rodent embryonic MGE progenitors reconstitutes local INs- or FCNs-related neuronal circuits and shows beneficial effects in animal behavioral assays ([@bib3], [@bib12], [@bib13], [@bib29], [@bib43], [@bib46]). A human origin of MGE-like progenitors have also been successfully yielded from human pluripotent stem cells (hPSCs), and sophisticated differentiation platforms for MGE progenitors have now been well-established by several groups, including ours ([@bib9], [@bib36], [@bib37], [@bib42], [@bib45], [@bib58]). More importantly, these *in vitro* produced human MGE progenitors also show significant therapeutic advances in a wide range of neurological disorders in animal models ([@bib11], [@bib18], [@bib37], [@bib60]). All these studies point to a promising approach of MGE progenitors-based replacement therapy in clinical use. However, quantity and quality derivation, enrichment, or cell fate manipulation of functional human MGE progenitors is still a foreseen bottleneck for their ultimate clinical application.

WNT and Sonic hedgehog (SHH) signaling are two opposed morphogens harboring determinant functions in regional specification of the dorsal and ventral telencephalon in humans, respectively ([@bib36], [@bib51]). Our previous study revealed that WNT signaling inhibition facilitates SHH-triggered ventralization of human telencephalic progenitors, and therefore the ventral most human MGE progenitors could be efficiently derived from hPSCs through combined application of SHH and Dickkopf 1, a potent WNT antagonist ([@bib36]). Strikingly, we have also observed that an MGE fate is still adopted with even higher expression of *NKX2.1*, a hallmark gene of MGE, when both WNT and SHH signaling are concomitantly activated during the regional patterning of hPSCs ([@bib10]). WNT signaling then might possess dual functions in regulating MGE regional specification, proliferation, or progenitor fate maintenance. In this study, we found that activation of WNT/CTNNB1 signaling was sufficient to maintain human MGE progenitors in an undifferentiated state, whereas ablation of WNT/CTNNB1 signaling led to precocious cell-cycle exit and advanced neurogenesis. WNT/CTNNB1 signaling transcriptionally activated NOTCH signaling pathway and therefore maintained MGE cells in a progenitor fate. Our data thus reveal a crucial role of WNT/NOTCH pathway in the maintenance of human MGE progenitors and large-scale production of functional human MGE progenitors could thus be achieved through targeting WNT/NOTCH signaling.

Results {#sec2}
=======

WNT/CTNNB1 Signaling Is Robustly Activated in Specified Human MGE Progenitors {#sec2.1}
-----------------------------------------------------------------------------

Human embryonic stem cells (hESCs) were directed to cortical and MGE progenitors with our standardized protocol ([Figure 1](#fig1){ref-type="fig"}A) ([@bib9], [@bib61], [@bib62]). The yielded cortical and MGE progenitors expressed PAX6 and NKX2.1, respectively, and the mutual exclusion expression indicated the synchronization and effectiveness of the differentiation paradigm ([Figure 1](#fig1){ref-type="fig"}B). To mirror the activation of endogenous WNT/CTNNB1 signaling, we infected hESCs with the 7×Tcf-eGFP/SV40-mCherry (7TGC) reporter lentivirus, which harbors an expression cassette of GFP under the activation of seven Tcf-binding sites, and mCherry expression under the constitutively active SV40 promoter to indicate infection efficiencies ([@bib21]). In the absence of ectopic WNT activation, neuroectoderm (NEs) cells generated from 7TGC-hESCs displayed no GFP fluorescence signal ([Figure 1](#fig1){ref-type="fig"}C). Addition of CHIR99021, a WNT signaling activator, for 2 days significantly induced GFP expression, suggesting robust activation of WNT/CTNNB1 signaling ([Figure 1](#fig1){ref-type="fig"}C). It was noteworthy that, when the 7TGC-NEs were directed to an MGE fate by SHH activation from days 10 to 17 after differentiation, GFP signals started to occur at day 12 and became most prominent at day 24 ([Figure 1](#fig1){ref-type="fig"}D). At the mRNA level, several WNT ligands, especially *WNT7A*, were greatly expressed in day 25-MGE progenitors compared with their expression in day 10-NEs ([Figure 1](#fig1){ref-type="fig"}E). *FZD9*, *LRP5*, and *LRP6*, WNT receptor and co-receptors, also showed increased expression in day 25-MGE progenitors, suggesting cell-autonomous activation of WNT/CTNNB1 signaling after MGE fate specification initiated ([Figure 1](#fig1){ref-type="fig"}F).Figure 1Activation of WNT/CTNNB1 Signaling in Human MGE Progenitors(A) Schematic of the procedure for generating dorsal and ventral telencephalic progenitors and neurons from hPSCs. Without ectopic morphogens, NEs were targeted to a cortical fate from days 10 to 17. For ventralization, a combination of SHH (250 ng/mL) and smoothened activator purmorphamine (0.3 μM) was added to the NE from days 10 to 17. Cortical progenitors generated glutamatergic neurons, whereas MGE progenitors produced cholinergic and GABAergic neurons.(B) In the control (Ctrl) group, cortical progenitors expressed PAX6 but not NKX2.1 at day 17 after differentiation, whereas SHH-specified MGE progenitors only showed NKX2.1 expression. Scale bar, 50 μm.(C) Canonical WNT signaling reporter hESCs were constructed through 7TGC lentivirus infection. Without WNT activation (DMSO), NEs derived from 7TGC-hESCs displayed no GFP fluorescence signal at day 8. Treatment with CHIR99021, a WNT activator, for 2 days significantly induced reporter GFP expression. Expression of mCherry marked lentivirus infection efficiency. Scale bar, 500 μm.(D) MGE progenitors specified via SHH treatment in 7TGC-NEs displayed robust GFP signals as early as day 12 and persisted thereafter. Scale bar, 250 μm.(E and F) mRNA expression of WNT ligands (E) and receptors (F) were evaluated in day 10-NEs and day 25-MGE progenitors. At least three independent experiments were performed; unpaired t test, ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.

Ablation of WNT/CTNNB1 Signaling Does Not Interfere with SHH-Initiated Specification of Human MGE Progenitors {#sec2.2}
-------------------------------------------------------------------------------------------------------------

To explore the exact role of WNT/CTNNB1 signaling in human MGE development, we knocked out *CTNNB1* in hESCs using our recently established paired-knockout (KO) strategy ([@bib38]). Western blotting confirmed a complete lack of CTNNB1 protein expression in KO cells ([Figure 2](#fig2){ref-type="fig"}A). The KO-hESCs differentiated into NEs at day 10 showed uniform expression of SOX2, PAX6, OTX2, and FOXG1, similar to that of the wild-type (WT) control ([Figure S1](#mmc1){ref-type="supplementary-material"}A). After continued SHH patterning from days 10 to 17, KO-NEs were also efficiently ventralized into MGE progenitors with robust expression of NKX2.1 at day 25 ([Figure S1](#mmc1){ref-type="supplementary-material"}B). qRT-PCR experiments confirmed robust induction of *NKX2.1* expression in both WT- and KO-MGE progenitors induced by SHH at day 25 ([Figure S1](#mmc1){ref-type="supplementary-material"}C). These data suggest that abrogation of WNT/CTNNB1 signaling does not interfere with normal MGE fate initiation induced by SHH.Figure 2WNT/CTNNB1 Signaling Regulates the Progenitor Fate of Human MGE(A) Western blotting confirmed the complete lack of CTNNB1 protein expression in knockout (KO) hESCs.(B) WT- and KO-MGE progenitors at day 25 were subjected to RNA-seq. Volcano plot distinguished 400 upregulated and 560 downregulated differentially expressed genes (DEGs) in KO-MGE progenitors. DEGs with a fold change ≥1.5 and p \< 0.05 were marked in red (upregulated) and green (downregulated).(C and D) GO analyses of DEGs identified the functional annotations of upregulated genes (C) and downregulated genes (D) in KO-MGE progenitors.(E) Dox-inducible *CTNNB1 S33Y* overexpression (OE) hESCs were established through lentiviral infection. Western blotting validated the effectiveness of CTNNB1 S33Y overexpression after Dox (0.1 μg/mL) treatment for 5 days.(F) RNA-seq was performed in day 25-*CTNNB1 S33Y* OE-MGE progenitors treated with or without Dox from days 17 to 25. Volcano plot distinguished 996 upregulated and 925 downregulated DEGs in Dox-treated OE-MGE progenitors. DEGs with a fold change ≥1.5 and p \< 0.05 were marked in red (upregulated) and green (downregulated).(G and H) GO analyses identified the functional annotations of downregulated genes (G) and upregulated genes (H) in the Dox-treated group.See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

WNT/CTNNB1 Signaling Orchestrates Human MGE Progenitor Fate {#sec2.3}
-----------------------------------------------------------

To define the role of WNT/CTNNB1 activation in human MGE progenitors, we profiled the whole genome through RNA sequencing (RNA-seq) in KO- and WT-MGE progenitors at day 25. Visualization analysis confirmed the removal part of exon 3 of *CTNNB1* in the KO-MGE progenitors ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Data retrieved from 3 WT and 5 KO-MGE progenitors identified 960 differentially expressed genes (DEGs), including 400 upregulated and 560 downregulated genes ([Figure 2](#fig2){ref-type="fig"}B). Moreover, the DEGs clearly separated the KO- and WT-MGE progenitors, as per the principal-component analysis (PCA) plots ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Gene ontology (GO) analysis showed that the upregulated genes associated with the KO group were mainly related to neurogenesis, synapse signaling, neuron projection development, and axon development ([Figure 2](#fig2){ref-type="fig"}C), whereas the KO downregulated genes were enriched for cell migration, cell adhesion, embryonic morphogenesis, cell proliferation, and canonical WNT signaling pathway ([Figure 2](#fig2){ref-type="fig"}D). These data suggest that ablation of *CTNNB1* leads to advanced terminal differentiation of human MGE progenitors. The hierarchical clustering heatmap of DEGs highlighted those representative genes attributing to GO term-enriched biological functions ([Figure S2](#mmc1){ref-type="supplementary-material"}C). Specifically, neuroblast and neuronal marker genes *DCX* and *MAP2*, as well as synaptic marker genes *NRXN3*, *SNAP25*, *SYP*, and *SYT1*, were among the KO upregulated genes, whereas WNT receptor *FZD1*, NOTCH ligand and receptor *JAG1*, and *NOTCH2*, as well as cell adhesion- and epithelial mesenchymal transition (EMT)-related molecules *CDH7*, *CDH8*, *FAT4*, *FN1*, and *VIM* were among the KO downregulated genes ([Figure S2](#mmc1){ref-type="supplementary-material"}C).

To fully delineate the impact of WNT/CTNNB1 activation on human MGE progenitors, we constructed a constitutively active *CTNNB1* (*S33Y*) inducible overexpression hESC (OE-hESC) line ([@bib10]). Western blotting validated the OE efficacy after doxycycline (Dox) induction ([Figure 2](#fig2){ref-type="fig"}E). The OE-hESCs were then differentiated into MGE progenitors with the standard protocol. After the MGE fate had been initiated, Dox was applied at days 17--25. We then profiled the transcriptome of the day 25-OE-MGE progenitors treated with or without Dox. The increased expression of *CTNNB1* mRNA in Dox-treated OE cells was shown in [Figure S2](#mmc1){ref-type="supplementary-material"}D. We identified 996 upregulated DEGs and 925 downregulated DEGs in the Dox-treated MGE progenitors compared with the no Dox treatment group ([Figure 2](#fig2){ref-type="fig"}F). PCA separated these two distinct populations of cells treated with or without Dox ([Figure S2](#mmc1){ref-type="supplementary-material"}E). GO analysis showed enrichment in the biological functions of cell adhesion and proliferation in the upregulated DEGs, whereas enrichment in neurogenesis and neuron projection in the downregulated DEGs was clearly associated with OE-MGE progenitors treated with Dox ([Figures 2](#fig2){ref-type="fig"}G and 2H). The hierarchical clustering heatmap highlighted a similar panel, but in an opposite direction, of DEGs in the Dox group, compared with DEGs retrieved from the KO-MGE progenitors ([Figure S2](#mmc1){ref-type="supplementary-material"}F). These findings propose that forced activation of WNT/CTNNB1 signaling intervenes in the programmed developmental process of human MGE progenitors, and the MGE progenitors with overactivated WNT/CTNNB1 signaling showed a retarded neuronal differentiation tendency.

WNT/CTNNB1 Signaling Regulates the Proliferation versus Neurogenesis of Human MGE Progenitors {#sec2.4}
---------------------------------------------------------------------------------------------

Neural progenitors harbor both self-renewing capability to maintain themselves in a proliferative state and neuronal differentiation potency to generate postmitotic, region-specific neuronal subtypes. To confirm the involvement of WNT/CTNNB1 activation in regulating human MGE progenitor fate, we characterized the proliferation and differentiation states of human MGE progenitors upon WNT/CTNNB1 signaling repression or activation. After incubating the day-25 MGE progenitors with bromodeoxyuridine (BrdU) for 4 h, immunohistochemical experiments revealed that BrdU-incorporated cells were significantly decreased in the KO-MGE cells compared with those of the WT, suggesting that fewer cells have entered the S phase in the KO group ([Figures 3](#fig3){ref-type="fig"}A and 3B). Considering that Ki67-labeled cells remained in the cell cycle, while phospho-histone 3 (PH3)-labeled cells are in a mitotic state, both Ki67- and PH3-labeling assays showed that there was a significantly lower amount of KO-MGE cells that were proliferating or dividing ([Figures 3](#fig3){ref-type="fig"}A and 3B). Consistent with the profiling analysis, a remarkable larger population of KO-MGE progenitors were positively labeled with DCX ([Figures 3](#fig3){ref-type="fig"}C and 3D). When the day-25 MGE progenitors were plated on laminin-coated culture surface and continuously cultured for 1 month, at the mRNA level, a higher expression of *TUJ1*, *GAD67*, and *SST* was observed in KO cells ([Figure 3](#fig3){ref-type="fig"}E), suggesting that a premature cell-cycle exit occurs after ablation of WNT/CTNNB1 signaling.Figure 3WNT/CTNNB1 Signaling Regulates the Proliferation and Neurogenesis of Human MGE Progenitors(A and B) Four-hour BrdU-incorporation analysis showed lower proliferation rates in KO-MGE progenitors at day 25. The KO-MGE progenitors also showed decreased Ki67 and PH3 labeling compared with that of the WT-MGE progenitors control (A). Scale bar, 50 μm. Statistical results are shown in (B). n = 236--1,027 cells in at least three independent experiments; unpaired t test, ^∗^p \< 0.05, ^∗∗∗^p \< 0.001.(C and D) Immunostaining (C) and statistical analysis (D) demonstrated that KO-MGE progenitors increased cell populations stained with DCX at day 25. Scale bar, 50 μm. n = 258--557 cells in at least three independent experiments; unpaired t test, ^∗∗∗^p \< 0.001.(E) WT- and KO-MGE progenitors differentiated from hESCs at day 25 were plated for an additional 30 days, and mRNA expression levels of *TUJ1*, *GAD67*, and *SST* were analyzed by qRT-PCR. At least three independent experiments were performed; unpaired t test, ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.(F) Construction of doxycycline (Dox)-inducible *CTNNB1 S33Y* rescue (RE) hESCs on the background of *CTNNB1*-KO was done through lentiviral vector infection. Western blotting confirmed induced expression of CTNNB1 after treatment with 0.1 μg/mL Dox for 5 days.(G and H) Immunostaining (G) and statistical analysis (H) demonstrated that Dox treatment in RE-MGE progenitors at days 17--25 significantly increased cell populations with BrdU incorporation or Ki67 and PH3 immunolabeling. Scale bar, 50 μm. n = 85--333 cells in at least three independent experiments; unpaired t test, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.(I and J) Dox treatment in RE-MGE progenitors at days 17--25 significantly decreased cell populations immunolabeled with DCX (I). Scale bar, 50 μm. Statistical results were shown in (J). n = 130--264 cells in at least three independent experiments; unpaired t test, ^∗^p \< 0.05.(K and L) *CTNNB1 S33Y* OE-hESCs were targeted to the MGE, with 0.1 μg/mL Dox addition from day 17 to 25. At day 25, Dox-treated MGE progenitors showed increased populations of cells labeled with BrdU, Ki67, and PH3 (K). Scale bar, 50 μm. Statistical results were shown in (L). n = 98--570 cells in at least three independent experiments; unpaired t test, ^∗^p \< 0.05, ^∗∗^p \< 0.01.(M and N) Immunostaining (M) and statistical analysis (N) demonstrated that *CTNNB1*-OE decreased cell populations immunolabeled with DCX in MGE progenitors. Scale bar, 50 μm. n = 137--271 cells in at least three independent experiments; unpaired t test, ^∗^p \< 0.05.(O) At day 25, the OE-MGE progenitors with or without Dox treatment expressed FOXG1, but not HOXB4. Scale bar, 50 μm.(P) The OE-MGE progenitors with or without Dox treatment were immunolabeled by NKX2.1 at day 25. Scale bar, 50 μm.

To confirm that WNT/CTNNB1 signaling has a determinant role in regulating MGE progenitor maintenance versus differentiation after the MGE fate has been consolidated, but not a downstream effect of its typical role in regional patterning, we established a Dox-inducible *CTNNB1 S33Y* rescue (RE) hESC line on the background of *CTNNB1*-KO via lentiviral vector infection. After the addition of Dox, the CTNNB1 protein was abundantly expressed in RE cells ([Figure 3](#fig3){ref-type="fig"}F). Supplying Dox at days 17--25, after the MGE progenitor fate had been specified, profoundly increased cell populations remaining in cell cycle, and concomitantly attenuated cell populations expressed DCX ([Figures 3](#fig3){ref-type="fig"}G--3J).

Moreover, pulse BrdU labeling as well as immunostaining with Ki67, PH3, and DCX showed that Dox-treated OE-MGE progenitors had a higher proliferation rate as well as an attenuated differentiation state ([Figures 3](#fig3){ref-type="fig"}K--3N). These data reinforced the conclusion that activation of WNT/CTNNB1 signaling was sufficient to maintain the MGE progenitors and ensure their proliferation. Activation of WNT/CTNNB1 signaling in early NE could caudalize the cells and drive the cells to a hindbrain and spinal cord origin ([@bib59]). However, OE-MGE progenitors with or without Dox treatment retained their forebrain identity, because most cells expressed FOXG1 as well as NKX2.1, but not HOXB4, at day 25, indicating that activation of WNT/CTNNB1 signaling could not re-specify the MGE cells once their regional fate has been committed ([Figures 3](#fig3){ref-type="fig"}O and 3P).

WNT/CTNNB1 Signaling Maintains MGE Progenitors through Regulating NOTCH Signaling Pathway {#sec2.5}
-----------------------------------------------------------------------------------------

We then asked what are the underlying mechanisms related to WNT/CTNNB1 signaling-controlled maintenance of human MGE progenitors. There were 228 genes that were overlapped within the groups of upregulated DEGs from human KO-MGE and downregulated DEGs from OE-MGE treated with Dox ([Figure 4](#fig4){ref-type="fig"}A). There were also 207 genes that were overlapped within downregulated DEGs from the KO group and upregulated DEGs from OE cells ([Figure 4](#fig4){ref-type="fig"}B). Through protein-protein interaction (PPI) network analysis of the above overlapped genes and *CTNNB1*, we determined that *CTNNB1* was the hub gene connecting the KO downregulated genes and Dox-treated OE-MGE upregulated genes ([Figure 4](#fig4){ref-type="fig"}C). Among the 11 downregulated genes directly linked with *CTNNB1*, *NOTCH2*, and *JAG1* belonged to NOTCH signaling, *CDH7*, *CDH8*, *FAT4*, *VIM*, and *FN1* belonged to cell adhesion and EMT pathways. These data suggest that *CTNNB1* most likely maintains MGE progenitor fate through transcriptional activation of downstream genes involved in NOTCH signaling, cell-cell adhesion, and EMT pathways, which function together to constitute specific cell-cell contact niches. Gene set enrichment analysis (GSEA) showed that WNT- and NOTCH-related genes were significantly enriched in WT-MGE, but de-enriched in KO-MGE ([Figures 4](#fig4){ref-type="fig"}D and 4E). Similarly, GSEA also revealed an enrichment of WNT/NOTCH pathway-related genes in OE-MGE treated with Dox ([Figures 4](#fig4){ref-type="fig"}F and 4G). These data suggest that NOTCH signaling acts downstream of WNT/CTNNB1 signaling during human MGE development.Figure 4WNT/CTNNB1 Signaling Maintains MGE Progenitors through Regulating NOTCH Signaling Pathway(A) In total, 228 genes were overlapped among upregulated DEGs in KO progenitors and downregulated DEGs in OE progenitors treated with Dox.(B) In total, 207 genes were overlapped among downregulated DEGs in KO cells and upregulated DEGs in OE-MGE progenitors treated with Dox.(C) Protein-protein interaction network analysis of functional genes from the overlapping genes and *CTNNB1*. *CTNNB1* was the hub gene connecting KO downregulated genes as well as upregulated genes in OE-MGE progenitors treated with Dox, which were associated with cell-cell contact regulation, including NOTCH, cell adhesion, and epithelial mesenchymal transition pathways. Distance of dots correlated with the degree of hubness, color of dots indicated functional annotations identified by GO analyses.(D and E) GSEA showed the enrichment of WNT (D) and NOTCH (E) signaling pathway signatures in genes enriched in WT progenitors compared with KO ones.(F and G) GSEA showed the enrichment of WNT (F) and NOTCH (G) signaling pathway signatures in genes enriched in Dox-treated OE progenitors compared with the ones without Dox treatment.

To further define the role of NOTCH signaling in MGE maintenance, mRNA expression of *JAG1* and *NOTCH2*, highlighted in [Figure 4](#fig4){ref-type="fig"}C, were evaluated in WT-, KO-, and OE-MGE progenitors treated with or without Dox. Indeed, *JAG1* and *NOTCH2* were remarkably attenuated in KO-MGE, and correspondingly increased in OE-MGE treated with Dox ([Figure 5](#fig5){ref-type="fig"}A). In addition, the expression of *JAG1* and *NOTCH2* was increased along with MGE specification ([Figure 5](#fig5){ref-type="fig"}B), which is in line with the activation of the WNT/CTNNB1 pathway during the differentiation of hESCs toward a MGE fate ([Figures 1](#fig1){ref-type="fig"}D--1F). To confirm the association of CTNNB1 and NOTCH signaling, chromatin immunoprecipitation (ChIP)-qPCR was performed using an inducible hemagglutinin (HA)-tagged *CTNNB1*-RE cell line. Upon addition of Dox from days 17 to 25, HA-tagged *CTNNB1*-RE-MGE progenitors were harvested at day 25. Compared with immunoglobulin G control, HA antibody pull down significantly increased fragmented DNA of *JAG1* or *NOTCH2* ([Figure 5](#fig5){ref-type="fig"}C), which indicated the recruitment of CTNNB1 to the *JAG1* and *NOTCH2* gene loci. When DAPT, a NOTCH signaling inhibitor, was added to the cultured OE-MGE progenitors in the presence of Dox from days 17 to 25, both BrdU-incorporation and Ki67-immunostaining experiments showed an effect of DAPT on reducing their proliferation ([Figures 5](#fig5){ref-type="fig"}D and 5E). Meanwhile, DAPT also significantly promoted *DCX*, *TUJ1*, and *LHX6* mRNA expression ([Figure 5](#fig5){ref-type="fig"}F), indicating a premature cell-cycle exit. These findings indicate an essential role of NOTCH signaling, which is downstream of the activated WNT/CTNNB1 pathway, in controlling the maintenance of MGE progenitors.Figure 5Inhibition of NOTCH Signaling Pathway Blocks WNT/CTNNB1-Mediated Maintenance of MGE Progenitors(A) At the mRNA level, *JAG1* and *NOTCH2* significantly decreased in KO-MGE progenitors, while they increased in Dox-treated OE progenitors. At least three independent experiments were performed; unpaired t test, ^∗^p \< 0.05.(B) Both *JAG1* and *NOTCH2* steadily increased along with MGE specification. At least three independent experiments were performed.(C) ChIP-qPCR showed the association of HA-tagged CTNNB1 and the indicated regions of *JAG1* and *NOTCH2*. At least three independent experiments were performed; unpaired t test, ^∗^p \< 0.05, ^∗∗^p \< 0.01.(D and E) DAPT (50 μM), a NOTCH signaling inhibitor, was added into the medium at days 17--25, which significantly reduced the population of cells labeled with BrdU and Ki67 even when constitutive active *CTNNB1* was ectopically expressed and WNT/CTNNB1 signaling was forced activated (D). Scale bar, 50 μm. Statistical results were shown (E). n = 99--276 cells in at least three independent experiments; unpaired t test, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.(F) DAPT significantly restored OE-induced reduction of neuronal genes, including *DCX*, *TUJ1*, and *LHX6* expression in MGE progenitors. At least three independent experiments were performed; unpaired t test, ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.

Long-Term Expansion of Functional Human MGE Progenitors via Chemical Activation of WNT/CTNNB1 Pathway {#sec2.6}
-----------------------------------------------------------------------------------------------------

Large-scale production of functional MGE progenitors for replacement therapy holds the key for curing related neurological disorders. We next asked whether long-term expansion of human MGE progenitors could be achieved through manipulating the WNT/CTNNB1 signaling. CHIR99021, a WNT activator, also showed a strong effect on the maintenance and proliferation of MGE progenitors when supplied at days 17--25, as demonstrated by its strong role in increasing BrdU-incorporation rates as well as the percentage of Ki67- and PH3-labeled cells, while decreasing cell populations labeled with DCX ([Figures 6](#fig6){ref-type="fig"}A and 6B). Again, regional MGE fate was maintained in the presence of CHIR99021, because the cells retained FOXG1 and NKX2.1, but lacked HOXB4 expression ([Figures 6](#fig6){ref-type="fig"}C and 6D). Moreover, the roles of CHIR99021 on promoting the proliferation, while retarding neuronal differentiation of MGE progenitors, was also abrogated by DAPT treatment ([Figures 6](#fig6){ref-type="fig"}E--6G).Figure 6Chemical Activation of WNT Signaling Regulates MGE Progenitor Proliferation and Differentiation via Regulation of NOTCH Signaling(A and B) CHIR99021 (2 μM) was added to the MGE progenitors to activate WNT/CTNNB1 signaling at days 17--25. At day 25, CHIR99021-treated MGE progenitors showed increased cell populations labeled with BrdU, Ki67, and PH3, but decreased cell populations labeled with DCX (A). Scale bar, 50 μm. Statistical results were shown in (B). n = 101--835 cells in at least three independent experiments; unpaired t test, ^∗∗^p \< 0.01.(C) At day 25, the MGE progenitors treated with or without CHIR99021 showed FOXG1 staining, but not HOXB4. Scale bar, 50 μm.(D) The MGE progenitors with or without CHIR99021 were immunolabeled by NKX2.1 at day 25. Scale bar, 50 μm.(E and F) DAPT significantly reduced the population of cells labeled with BrdU and Ki67 upon CHIR99021-triggered WNT/CTNNB1 signaling activation (E). Scale bar, 50 μm. Statistical results were shown (F). n = 110--569 cells in at least three independent experiments; unpaired t test, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.(G) DAPT significantly rescued CHIR99021-induced reduction of neuronal genes, including *DCX*, *TUJ1*, and *LHX6* expression in MGE progenitors. At least three independent experiments were performed; unpaired t test, ^∗^p \< 0.05, ^∗∗∗^p \< 0.001.

We then passaged the MGE progenitors every 7 days up to day 55 in the presence of CHIR99021 ([Figure 7](#fig7){ref-type="fig"}A). Strikingly, the sphere-shaped MGE progenitors expanded substantially upon CHIR99021 treatment, whereas cells treated with DMSO exhibited only limited expansion capacity ([Figure 7](#fig7){ref-type="fig"}B). The MGE progenitors maintained in CHIR99021 showed a larger population of cells immunolabeled with Ki67 and PH3 ([Figures 7](#fig7){ref-type="fig"}B and 7C). Similar results were observed even when the cells were cultured to day 115 with CHIR99021 ([Figures 7](#fig7){ref-type="fig"}D and 7E). Furthermore, MGE progenitors maintained with CHIR99021 consistently generated TUJ1-labeled neurons, especially SST GABAergic INs, after CHIR99021 withdrawal and being plated onto a laminin-coated surface ([Figures 7](#fig7){ref-type="fig"}F and 7G). Whole-cell patch-clamp recording of 120-day-old neuronal cultures generated from the CHIR99021-maintained MGE progenitors revealed normal resting membrane potentials and action potentials elicited by injection of current steps from +30 to +40 pA ([Figures 7](#fig7){ref-type="fig"}H and 7I). We also observed spontaneous synaptic currents in all tested cells, which were further blocked by bicuculline, a GABAa receptor antagonist ([Figure 7](#fig7){ref-type="fig"}J), thus reflecting primarily inhibitory neurotransmission inputs. These results suggest that human MGE progenitors could be efficiently expanded in the long-term through activation of WNT/CTNNB1 signaling, and these long-term expanded MGE progenitors hold desired potentials to generate functional INs.Figure 7Expansion of Functional MGE Progenitors via Chemical Activation of WNT/CTNNB1 Signaling(A) Schematic of the procedures for long-term expansion of MGE progenitors and generation of functional INs was shown. CHIR99021 (2 μM) was maintained from day 17 to 55 or day 115, and MGE progenitors were passaged every 7 days in NIM medium. At day 55, the maintained MGE progenitors were plated on polyornithine-treated coverslips with 20 μg/mL laminin supplied with brain-derived neurotrophic factor, glial cell line-derived neurotrophic factor, and insulin-like growth factor in NDM. INs were obtained at 1 month after plating.(B and C) At day 55, much more sphere-shaped MGE progenitors were shown in the CHIR99021-maintained culture conditions, and CHIR99021-maintained MGE progenitors showed increased populations of proliferative cells immunolabeled with Ki67 and PH3 compared with the DMSO-treated control (B). Scale bars, 500 μm (for bright field) and 50 μm (for fluorescence staining). Statistical results were shown in (C). n = 171--397 cells in at least three independent experiments; unpaired t test, ^∗∗∗^p \< 0.001.(D and E) At day 115, CHIR99021-maintained MGE progenitors showed increased populations of proliferative cells immunolabeled with Ki67 and PH3 compared with the DMSO-treated control (D). Scale bar, 50 μm. Statistical results are shown (E). n = 89--283 cells in at least three independent experiments; unpaired t test, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.(F) One day after plating on laminin-coated culture surface, day 55-CHIR99021-maintained MGE progenitors generated neurons robustly, whereas the remaining spheres in the DMSO-treated group showed lower potentiality to generate neurons even when plated with equal cell numbers, as observed via TUJ1 immunostaining. Scale bars, 50 μm.(G) Day 55-CHIR99021-maintained MGE progenitors generated INs at day 85 after plating, but DMSO-treated MGE progenitors showed minimized capability to generate these neurons. Scale bar, 50 μm.(H and I) Whole-cell patch-clamp study was performed in the 120-day-old neurons differentiated from CHIR99021-treated MGE progenitors (H). Scale bar, 50 μm. Differentiated neurons showed functional action potentials, which were induced by injection of currents as low as 30 pA into neurons (I).(J) Active spontaneous synaptic currents were captured in 120-day-old neurons differentiated from CHIR99021-treated MGE progenitors. These synaptic currents were completely blocked by bicuculline, an inhibitor of GABAa receptor.

Discussion {#sec3}
==========

In this study, we revealed that WNT/CTNNB1 signaling plays an important role in the maintenance of human MGE progenitors. Ablation of *CTNNB1*-mediated WNT signaling led to precocious cell-cycle exit and advanced neuronal differentiation. Ectopic activation of WNT/CTNNB1 signaling prevented neurogenesis but promoted the proliferation of MGE progenitors. This important role of canonical WNT signaling in humans could be attributed to the transcriptional activation of NOTCH signaling mediated by CTNNB1. We also proved that WNT/CTNNB1 activation could serve as a valuable strategy for large-scale expansion of MGE progenitors to yield functional INs for regenerative medicine purposes ([Figure S3](#mmc1){ref-type="supplementary-material"}).

In many tissues, canonical WNT signaling is essential for the maintenance of stem cells. Typical examples include the embryonic cortex and postnatal hippocampus. Continuous activation of Wnt/Ctnnb1 signaling in mice causes massive expansion of the cerebral cortex ([@bib8], [@bib39], [@bib57]), whereas loss of function of this pathway shows a shortened or thinner developing cerebral cortex and missing or minuscule hippocampus due to the premature cell-cycle exit of neural progenitors ([@bib23], [@bib34], [@bib49], [@bib56], [@bib63]). However, the function of the WNT/CTNNB1 signaling pathway may not be homogeneous in all types of neural progenitors. Activation of the Wnt/Ctnnb1 signaling pathway is not required for the maintenance of hypothalamic neural progenitors, but is essential for promoting postembryonic hypothalamic neurogenesis ([@bib16], [@bib35], [@bib52], [@bib53]). In this study, we reveal that WNT/CTNNB1 signaling is essential for the maintenance of human MGE progenitor fate. Moreover, this role of Wnt/Ctnnb1 signaling in regulating MGE proliferation is conserved in mice ([@bib24]). Therefore, the exact role of WNT/CTNNB1 signaling in regulating maintenance versus differentiation of neural progenitors appears to be cell-type and developmental-stage specific.

Hub gene network analysis revealed that KO downregulated genes were heavily linked with *CTNNB1*. In particular, components of NOTCH signaling, cell adhesion, and EMT pathways were significantly downregulated in the MGE progenitors with *CTNNB1* KO. GSEA further indicated NOTCH signaling was enriched in response to WNT/CTNNB1 activation. The NOTCH signaling pathway is widely manifested in the maintenance of a variety of stem cells ([@bib1], [@bib22], [@bib33]). Moreover, WNT and NOTCH signaling pathways cooperate and integrate with each other during embryogenesis, tissue regeneration, and carcinogenesis. In most cases, the hierarchical relationship is revealed by the fact that WNT signaling transcriptionally activates the expression of NOTCH ligands ([@bib15], [@bib17], [@bib25], [@bib30], [@bib31], [@bib48]), which further support our data that WNT activation resulted in upregulating of *JAG1*. Indeed, in our current research, the biological effects of *CTNNB1*-OE or CHIR99021 treatment were significantly removed by inhibition of NOTCH signaling, which abrogated the maintenance while triggered premature cell-cycle exit and neurogenesis on MGE progenitors.

MGE progenitors are valuable sources for cell transplantation to treat a wide spectrum of neurological diseases ([@bib28]). While MGE progenitors can be yielded from embryonic tissues or *in vitro* differentiation of hPSCs, they will unfortunately lose their differentiation potency and gradually exit the cell cycle when expanded in culture ([@bib27]). Here, we revealed that continuous activation of the WNT/CTNNB1 signaling pathway maintained the MGE progenitors in a proliferative state with preserved IN differentiation potency ([Figure S3](#mmc1){ref-type="supplementary-material"}). Of note, the INs generated from long-term CHIR99021-maintained MGE progenitors showed functional neuronal activities and synaptic connections. Therefore, large-scale expansion of functional MGE progenitors could be achieved by modulating WNT signaling, which will greatly improve the accessibility and affordability of these cells.

Experimental Procedures {#sec4}
=======================

hESC Culture and Neural Differentiation {#sec4.1}
---------------------------------------

The hESCs (WA09, WiCell) were maintained on mouse embryonic fibroblasts, and neural differentiation was performed through embryoid bodies formation ([@bib9], [@bib10], [@bib19], [@bib62], [@bib61]). For ventralization, a combination of SHH (250 ng/mL, R&D Systems) and the smoothened activator purmorphamine (0.3 μM, Stemgent) were added to the NE cells at days 10--17. Detailed information could also be found in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Generation of Mutant hESC Lines {#sec4.2}
-------------------------------

*CTNNB1* knockout and inducible OE-hESC lines were generated through CRISPR/Cas9-mediated gene editing as described previously ([@bib6], [@bib10]). Inducible *CTNNB1*-RE hESCs and HA-tagged *CTNNB1*-RE hESCs were established by lentiviral infection on the background of a *CTNNB1*-KO hESC line.

RNA-Seq and Data Processing {#sec4.3}
---------------------------

Total RNA was isolated using TRIzol with the phenol-chloroform extraction, and RNA quality was verified using a Bioanalyzer 2100 and Qubit RNA assay kit. Total RNA (1 μg) from each sample was used to prepare a library with the NEBNext Ultra RNA Library Prep Kit for Illumina (E7530) according to the manufacturer\'s protocols. The libraries were then sequenced at 50 bp single read on an Illumina HiSeq 2500 platform ([@bib5], [@bib7], [@bib14]). The raw sequencing reads are available from the GEO under GEO accession number [GSE112714](ncbi-geo:GSE112714){#intref0010}.

Sequencing reads from each sample were mapped to the human reference genome (hg38 version) using TopHat v.2.1.1. The mapped reads were further analyzed using Cufflinks v.1.3.0 and the expression levels for each transcript were quantified as fragments per kilobase of transcript per million mapped reads.

For differential expression analysis, sequencing counts at the gene level were obtained using HTSeq v.0.9.1. R package DESeq2 was then used to identify DEGs between different conditions. To assess the significance of differential gene expression, the p value threshold was set at 0.05 and the fold change was set at 1.5.

Statistically enriched functional categories of genes were identified using DAVID 6.8 (<https://david.ncifcrf.gov/>). PPI networks were constructed using STRING v.10.0 (<http://string-db.org/>). The minimum required interaction score was set to 0.5, and others were set to default parameters. Subsequently, Cytoscape software v.3.5.1 was used for visualization of the PPI network, in which nodes represented genes and edges represented interactions between genes.

The tool GSEA (v.2.1.0) was performed to determine whether *a priori* defined set of genes shows statistically significant, concordant differences between two samples ([@bib50]). GO gene sets were curated by The Molecular Signatures Database. Metric for ranking genes was set to Signal2Noise, and other parameters were set to default values.

Statistical Analyses {#sec4.4}
--------------------

Data are presented as means ± SEM. Unpaired two-tailed Student\'s t test was used. Statistical significance was considered at p values below 0.05. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.
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